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ABSTRACT
We study the relativistic Bondi-Hoyle-Lyttleton accretion onto a Schwarzschild
black hole (BH), which is surrounded by rigid and small, randomly distributed, bodies.
These bodies are idealized representations of substructure like stars passing close to
the BH, bubbles created by stellar winds or cold clumps. We explore cases where
the filling factor of these bodies is small. The flow is assumed to be adiabatic and
move supersonically towards the black hole. The interaction with these rigid obstacles
transforms ram pressure of the flow into thermal pressure through bow shocks, slowing
down the flow and making the accreting gas turbulent. As a consequence, although the
flow reaches a statistically-steady state, the accretion rate presents some variability.
For a flow Mach number at infinity of 4, a few of these objects (5 − 10) are enough
to increase the accretion rate about 50% over the accretion rate without bodies, even
though the gas is adiabatic and the filling factor of the obstacles is small.
Key words: black hole physics – accretion – accretion discs – hydrodynamics –
methods: numerical – ISM: clouds
1 INTRODUCTION
Gas accretion on to a gravitational mass, e.g., stars, com-
pact objects or black holes (BHs), is of great interest in
many areas of astrophysics. In particular, gas accretion on
to BHs is associated with the formation and growth of su-
permassive BHs (SMBHs), X-ray transients and gamma-
ray bursts (GRBs). Many investigations have been under-
taken to understand the different aspects of BH accretion
(see Narayan & Quataert 2005; Abramowicz & Fragile 2013;
Yuan & Narayan 2014, for recent reviews).
The Event Horizon Telescope (EHT)1 will be able to re-
solve the BH structures on event horizon scales, which may
be crucial not only to test General Relativity (Broderick
et al. 2014) but also to study accretion processes very close
to the BH event horizon (Ricarte & Dexter 2015). In fact,
the SMBH hosted in the centre of our Galaxy, with a mass
of M = (4.1±0.6) ×106M (Ghez et al. 2008), can be used as
a laboratory to understand the interaction between it and
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1 http://www.eventhorizontelescope.org
the gaseous and stellar environment. For instance, Doeleman
et al. (2008) have reported observations at a wavelength of
1.3 mm that set a size of 37+16−10 microarcseconds on the in-
trinsic diameter of Sgr A*. This value suggests that the bulk
emission of Sgr A* arises from the surrounding accretion
flow. Moreover, Fish et al. (2011) found variability in the
flux density in 1.3 mm VLBI observations of Sgr A*, which
was interpreted as a brightening of structure on scales of a
few Schwarzschild radii. Recent observations have shown ev-
idence for partially ordered fields near the event horizon, on
scales of 6 Schwarzschild radii (Johnson et al. 2015). Based
on these observations, it is crucial to understand how the
accretion on to BHs occurs at scales of the event horizon.
Accretion on to a star moving supersonically through
a homogeneous medium was studied by Bondi, Hoyle and
Lyttleton (Hoyle & Lyttleton 1939; Bondi & Hoyle 1944,
hereafter BHL). Later, Bondi (1952) studied the spherical
accretion of gas on to a central gravitational object. In the
BHL formalism, the mass accretion rate is given by
ÛMBH = 4piG
2M2ρ∞
(v2 + c2s )3/2
, (1)
where M is the mass of the BH which moves at velocity v rel-
ative to the otherwise homogeneous ambient medium, which
© 2015 The Authors
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has density ρ∞ and sound speed cs. This formula has appli-
cations in many areas, for example, to estimate the accretion
rate by a compact star in a binary system (e.g. Petterson
1978), or to estimate the gas supply to central supermassive
BHs (SMBHs) in cosmological simulations (Springel et al.
2005; Jeon et al. 2012; Blecha et al. 2013).
There are many ingredients that can change the mass
accretion rate on to the BH with respect to the canonical
value given in Equation (1): the physics of stellar feedback,
AGN feedback, the presence of small-scale structure, tur-
bulence and magnetic fields in the multiphase interstellar
medium, accretion-disc winds, the accretion of stars, and so
on (e.g., Hopkins et al. 2016).
The role of turbulence has been studied by Krumholz
et al. (2006), who derive an estimate of the distribution of
accretion rates on to point particles in supersonically tur-
bulent gas. They find that accretion is bimodal; the flow
pattern around some of the particles resembles the classical
Bondi-Hoyle flow, but the flow pattern around other sink
particles is closer to the case of high vorticity. In the latter
case, vorticity inhibites accretion (Krumholz et al. 2005).
Nevertheless, the mean accretion rate can be significantly
enhanced with respect to the value predicted by the un-
modified Bondi-Hoyle formula.
The standard Bondi-Hoyle prescription for the accre-
tion rate also ignores the rotation of the gas, which may
lead to the formation of an accretion disc around the BH.
Strictly, it is necessary to resolve the accretion radius, de-
fined as ra = GM/(v2 + c2s ), to have an accurate estimate
of the accretion rate. Some attempts have been made to
give an accretion rate prescription taking into account the
gas angular momentum (e.g. Power et al. 2011). Hopkins
& Quataert (2011) developed a sub-grid model, which can
be incorporated in cosmological simulations, based on ana-
lytical calculations about angular momentum transport and
gas inflow. A novel refinement scheme has been presented
in Curtis & Sijacki (2015) which improves the estimation
of the gas properties close to the accretion radius (see also
Curtis & Sijacki 2016). Rosas-Guevara et al. (2015) explore
the effect of accounting for the angular momentum by using
an improved accretion model that includes the circulariza-
tion and subsequent viscous transport of infalling material.
On the other hand, a sub-grid model that distinguishes be-
tween hot and cold gas accretion has been implemented by
Steinborn et al. (2015).
The role of stellar feedback and AGN feedback has been
investigated in several papers (Cuadra et al. 2006, 2008; Hil-
lel & Soker 2013; Bourne & Power 2016; Negri & Volonteri
2017). More specifically, Cuadra et al. (2006, 2008) simu-
late the stellar wind dynamics within the central parsec of
the Galactic centre and find that a variable accretion rate
is produced by the infall of cold clumps formed by colliding
slow winds. Still, they argue that the total amount of accre-
tion is dominated by hot gas. On the other hand, Hillel &
Soker (2013) suggest that in cases such as in the galaxy NGC
3115, the stellar winds of stars orbiting the BH may shock
and produce an over-pressured hot bubble that suppresses
the inflow of ISM gas. These authors also suggested that
under certain conditions, the gas can radiatively cool and
form cold clumps that may be accreted by the BH. More re-
cently, the numerical simulations by Bourne & Power (2016)
show that feedback from multiple nuclear stellar sources may
lead to the formation of high density clumps and filamen-
tary structures that are difficult to expel. They suggest that
this cold material could fall back to the nuclear cluster and
form new stars or feed the central BH. Using simulations
with a resolution of 0.1 pc, Negri & Volonteri (2017) find
that AGN feedback can keep the BH in a self-regulation
regime, and show that Bondi subgrid algorithms in low res-
olution simulations can both under- and over-predict the ac-
tual accretion rates. Other numerical experiments indicate
that dense cold filaments of gas are still able to flow into
the inner parts of a galaxy even in the presence of AGN
feedback (Bourne et al. 2014) or supernova feedback (Hobbs
et al. 2015). Dense filaments and clumps are not only formed
by converging stellar winds or supernova bubbles; thermal
instabilities may develop in the accretion flow, forming dense
clumps and leading to subsequent chaotic accretion (Barai
et al. 2011; Gaspari et al. 2013). Recent observations lend
support to this clumpy accretion (Tremblay et al. 2016).
To reach present day masses of massive BHs in the cen-
tres of galaxies, BHs must have been able to accrete mate-
rial (gas and stars) in a very efficient way (Volonteri 2010).
Moreover, Mortlock et al. (2011) reported the observations
of a quasar at a redshift of 7, which hosts a SMBH with a
mass of 2×109M, implying that the masses of high redshift
SMBHs make the requirement of efficient accretion processes
even greater at high redshift. Since central BHs are gener-
ally embedded in a nuclear star cluster (Naiman et al. 2015,
and references therein), tidal captures of stars may provide
an additional channel for BH mass growth (e.g. Stone et al.
2017).
Recent surveys have shown that the luminosity at large
energies in close dual active galactic nuclei (AGNs) is en-
hanced as compared to their isolated counterparts (e.g., Liu
et al. 2013 and references therein). Naiman et al. (2015)
have explored why accretion rates may be increased during
galaxy mergers despite the fact that BHs travel superson-
ically through the surrounding gas. They show that gravi-
tational focusing effects of nuclear star clusters can lead to
an enhancement in SMBH accretion rates up to an order
of magnitude, even though this system (SMBH plus nuclear
star cluster) moves with a Mach number of ∼ 1.3−1.7 relative
to the gas.
In the present work, we show, for the first time, a model
of the relativistic BHL accretion of hot gas, in the presence
of small obstacles around the accretor. In the astrophysical
context, relativistic BHL accretion has been used to study
different processes, from the vibrations in the shock cone,
which may potentially explain high energy phenomena like
QPOs (Do¨nmez et al. 2011; Do¨nmez 2012; Lora-Clavijo &
Guzma´n 2013), to ultra-relativistic processes associated with
the growth of primordial BHs during the radiation era (Pen-
ner 2013; Cruz-Osorio et al. 2013). Given the importance of
understanding the accretion process, the relativistic BHL
problem has also been studied in the presence of magnetic
fields (Penner 2011), radiative terms (Zanotti et al. 2011),
and with density or velocity gradients (Lora-Clavijo et al.
2015b; Cruz-Osorio & Lora-Clavijo 2016).
Motivated by the fact that one cannot assume that BHs
at the galactic centres are naked accretors, we have investi-
gated, in the relativistic regime, how the accretion rate and
structure of the wake around a BH are modified by the pres-
ence of small and rigid ‘obstacles’. These obstacles are ide-
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alizations of small-scale substructure that may be present in
the flow, such as dense and cold clumps, passing stars, stellar
debris or stellar bubbles. When a gas streamline encounters
a rigid substructure, the gas shocks and the kinetic pressure
thermalizes, changing completely the relativistic BHL pic-
ture of accretion where gas can only shock along the Mach
cone behind the accretor (the so-called accretion column).
The paper is organized as follows. In Section 2, we
present equations, the numerical methods and the details of
our initial conditions. In Section 3, we describe the structure
of the flow and accretion rates from our numerical simula-
tions. Finally, we summarize our main results in Section 4.
It is worth mentioning that, unless otherwise stated, we use
natural units in which G = c = 1 and thus length and time
are measured in units of M.
2 RELATIVISTIC EQUATIONS, NUMERICAL
METHODS AND INITIAL CONDITIONS
2.1 Relativistic hydrodynamic equations
In order to study the relativistic Bondi-Hoyle accretion onto
a BH, we solve the equations that describe the evolution of a
relativistic perfect fluid in a curved space-time, which can be
written down from the conservation of the rest mass density
ρ and the local conservation of the energy momentum tensor
Tab
∇a(ρua) = 0, ∇bTab = 0, (2)
where ua are the components of the 4-velocity of the fluid
elements and ∇a stands for the covariant derivative associ-
ated with the 4-metric gab. To model the relativistic gas, we
use the ideal equation of state, which is given by
e =
p
(Γ − 1)ρ, (3)
where e is the specific internal energy density, p the pressure
of the fluid and Γ the adiabatic index (for more details, see
Lora-Clavijo & Guzma´n 2013; Lora-Clavijo et al. 2015b).
These equations are solved onto a non-rotating BH, which
is described by Schwarzschild line elements in horizon pen-
etrating Eddington-Finkelstein coordinates as
ds2 = −α2dt2 + γi j (dxi + βidt)(dx j + β jdt), (4)
where the lapse function α, the shift vector βi = (βr, 0, 0) and
the spatial metric γi j are
α =
(
1 +
2M
r
)−1/2
, βi =
[
2M
r
(
1 +
2M
r
)−1
, 0, 0
]
,
γi j = diag
[
1 +
2M
r
, r2, r2 sin2 θ
]
. (5)
In this work, we consider the test field approximation, that
is, we do not evolve the geometry of the space-time, but keep
our background space-time fixed.
2.2 Numerical methods and initial conditions
We solve the relativistic hydrodynamic equations onto a
curved spacetime of a Schwarzschild BH, using CAFE,
a fully three-dimensional relativistic-magnetohydrodynamic
code (Lora-Clavijo et al. 2015a). Although the MHD in
CAFE is written for a Minkowski space-time, the hydrody-
namical (HD) routine may employ either equatorial (Cruz-
Osorio et al. 2012) or axial symmetry (Lora-Clavijo &
Guzma´n 2013), in order to include fixed curved space-times.
Specifically, to integrate the hydrodynamical equations, we
employ the HRSC method with HLLE flux formula in com-
bination with the minmod linear piecewise variable recon-
structor.
Our simulations are performed in a spherical grid (r, θ),
centered in the BH, assuming axial symmetry (for more
details about the code, convergence and other tests, see
Lora-Clavijo & Guzma´n 2013). The velocity components
of the initial flow are chosen to represent a homogeneous
gas which fills the whole domain and moves along the z-
direction with velocity v∞. Therefore, the initial velocity in
Cartesian coordinates is vx = vy = 0 and vz = v∞. How-
ever, in our coordinate system, we have vr = v∞ cos(θ)/√γrr
and vθ = −v∞ sin(θ)/
√
γθθ , where γθθ and γθθ are the in-
verse metric components (for more details, see Lora-Clavijo
& Guzma´n 2013; Cruz-Osorio et al. 2012). In order to specify
the initial velocity of the flow, we use the asymptotic values
of the Newtonian Mach number M∞ and the sound speed
cs,∞ (note that in the relativistic case, the Mach number
alone does not specify the flow). We assume a gas adiabatic
index Γ = 5/3, appropriate for accretion without radiative
losses, a specific value for the sound speed cs,∞ = 0.1, and
explore models with M∞ between 4 and 5.
In our spherical grid, the computational domain is
θ ∈ [0, pi] and r ∈ [rexc, rmax], where resc and rmax define the in-
ner and outer boundaries, respectively. The inner boundary
or excision boundary rexc is located inside the event horizon
of the BH (for more details, see Cruz-Osorio et al. 2012).
This is a natural choice since no physical information may
propagate from inside the event horizon to outside. Gas go-
ing inside rexc is removed from the simulation. The accretion
physics for a naked BH is characterized by the accretion
radius (we remind that ra = M/[c2s,∞(1 +M2∞)] in our ge-
ometrized units). This implies that we need to have enough
numerical resolution to solve the accretion radius. Moreover,
in order to simulate the interaction of a BH moving in a
homogeneous medium, it is usually required that the dis-
tance of the BH to the upstream boundary must be larger
than ∼ 4ra (e.g. Ruffert & Arnett 1994). This condition im-
poses a minimum size for the computational box. For the
outer boundary, we take rmax = 10.5ra. It is worth men-
tioning that, in our geometrized units, the accretion radius
for the Newtonian Mach numbers 4 and 5 are 5.88M and
3.85M, respectively. In our code units, we take M = 1, im-
plying accretion radius of 5.88 and 3.85, respectively. In all
the models we use the same resolution: ∆r = 7.81× 10−2 and
∆θ = 1.22 × 10−2.
In order to compute the mass accretion rate onto the
BH, we use a spherical detector at the event horizon of the
BH, evaluating the expression
ÛM = −2pi
∫
ρr2vr sin θdθ. (6)
Although the BH should increase its mass due to mass ac-
cretion, we do not add the gas mass to the BH because the
change in the BH mass is usually very small.
We include the presence of Nb rigid and static bodies in
our domain in order to study the accretion flow under the
MNRAS 000, 1–9 (2015)
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presence of obstacles. Along R − z cross sections, these rigid
obstacles are assumed to be circular, with fixed radius rb.
For conciseness, we will refer to them indistinctly as“clouds”,
“clumps” or “rigid bodies”, although the imposed axial sym-
metry implies that they have torus shape in the 3D space.
We use reflecting boundary conditions on the surface of the
clouds. We are interested in a regime where the clouds are
small as compared to the accretion radius of the BH. We as-
sume rb = 0.5M, which implies that the radius of the clouds
are smaller by a factor of ≥ 8 than the BH accretion radius,
for the values of M∞ under consideration.
We ignore the gravitational influence of the clouds, i.e.,
the metric of the BH is fixed along the evolution and is given
by the Schwarzschild solution. Neglecting the gravity of the
clouds is justified if two conditions are satisfied: (1) the total
mass in the clouds NbMb is M and (2) the accretion radius
of each individual cloud ' Mb/(c2s,∞M2∞) is  rb. Combining
with our assumption that rb = 0.5M, the latter condition
implies that Mb  0.08M for M∞ = 4.
We take all the clouds to be identical and randomly
distributed in our numerical domain. It is expected that the
structure of the flow will depend sensitively on rb and on
the filling factor of the clouds, defined as η ≡ Nb(rb/rmax)2
(remind that rmax is the external radius of our domain). For
instance, in the hypothetical case that the filling factor is
close to 1, the gas can only flow through tiny cavities be-
tween clouds. We are not interested in this case but in a
regime where the filling factor is small. We explore three dif-
ferent values for Nb: 0, 5 and 10. Consequently, η ≤ 2× 10−3.
Although the position of the clouds were drawn randomly,
all the simulations with Nb = 5 have the clouds at the same
positions to facilitate comparison. In the simulations with
Nb = 10, we put 5 clouds in the same positions and add the
remaining 5 clouds at arbitrary positions.
3 STRUCTURE OF THE FLOW AND
ACCRETION RATES
At early times in the simulation, since the flow is supersonic,
each cloud creates an individual bow shock front where the
gas density increases and the flow decelerates. Low-density
regions past the clouds are also visible (see the first row of
Fig. 1) where the fluid is moving with very low velocities (see
the second row of the Fig. 1). At later times, the bow shocks
of different clouds merge and a large-scale bow shock can be
seen in some cases. The interaction between individual bow
shocks produces new shock fronts and fluctuating structures
in the density and also in the velocity field of the flow, but
a statistically steady flow is achieved after ∼ 200M. In the
presence of obstacles, the flow becomes more chaotic than it
is without clouds; swirling motions can be observed in Figure
1. As expected, the flow becomes more chaotic for larger Nb
(see Fig. 1). As a consequence of the perturbations created
by the clouds, the classical Mach cone at the rear of the
accretor becomes difficult to trace. Indeed, if the number of
clouds is large enough, the Mach cone is completely erased
and, instead, a subsonic envelop around the accretor could
be formed.
Since the pioneering work of Hoyle & Lyttleton (1939),
it is common to formulate the problem in terms of the accre-
tion radius defined as the maximum impact parameter for
which streamlines will be accreted. In the absence of clouds,
the accretion radius may be estimated using the ballistic
approximation, which ignores fluid effects. In the presence
of clouds, one expects that the accretion radius for super-
sonic flows will become larger as soon as the filling factor is
small. The reason is the following. When a streamline with
vz > 0 collides with a rigid body, we have that dvz/dt < 0
and this reduction of the relative velocity of the flow with
respect to the BH may lead the material becoming bound
to the BH. As a result, the effective area for accretion in-
creases when the obstacles are added. In addition to this,
the obstacles can redirect the flow towards the BH. These
two effects promote accretion onto the BH. Those obstacles
that are expected to contribute most to enhance accretion
on to the BH are those situated at distances from the BH
larger but comparable to the accretion radius ra. In Figure
1 we see that the rigid bodies produce patches with higher
density and pressure even close to the accretor; it shows that
the existence of at least two cone-type shocks close to the
accretor (within a distance of 5M). Only very close to the
BH, where the streamlines are more radial, we expect that
the collision of a fluid particle with a cloud may hinder ac-
cretion on to the BH, because the obstacle may reduce the
level of (radial) collimation of the flow towards the BH.
Figure 2 shows the temporal evolution of the mass ac-
cretion rate for different combinations of M∞ and Nb. In
all the cases, the accretion rate starts from zero and sat-
urates after t ' 200M. In the classical BHL problem (i.e.
Nb = 0), the accretion rate shows a smooth behavior. On
the contrary, the accretion rate fluctuates around a constant
value in the presence of clouds. The magnitude of ÛM is pro-
portional to the adopted value for ρ∞. To be definitive, we
take ρ∞ = 10−10, but the density maps can be immediately
rescaled for any other value. For comparison, the accretion
rates predicted by the Newtonian formula given in Equa-
tion (1) are 0.18 × 10−7 for M∞ = 4, and it is 0.1 × 10−7 for
M∞ = 5. The accretion rates achieved in the simulations are
greater than the Newtonian values. Table 1 lists the values
of the relevant quantities in physical units for some charac-
teristic BH masses. In particular, we provide the accretion
rate found in our simulations and also the value given by
the Eddington limit.
Interestingly, for the simulations with M∞ = 5, just
5 clouds are enough to enhance the accretion rate by 40%
(from ∼ 1.2 × 10−7 to ∼ 1.7 × 10−7) over the value found in
the cloudless simulation. A similar enhancement of 50% is
found for M∞ = 4 and Nb = 10. Indeed, the accretion rate
over time for Nb = 0 and M∞ = 4 is almost identical than
the accretion rate for Nb = 10 and M∞ = 5. Therefore, the
inclusion of 5 − 10 bodies in a flow with M∞ = 5 increases
the mass accretion rate the same amount than reducingM∞
from 5 to 4. This relative enhancement in the accretion rate
is expected to increase for lower values of the adiabatic index
Γ because the gas becomes more compressible.
The mass influx as a function of the position (r, θ) con-
tains information about the topology of the flow. In the case
of a naked BH (i.e. for Nb = 0), the collisionless approxima-
tion permits to find out ρ and vr (and thereby the radial
inflow of mass) in the pre-shock region (Shapiro & Teukol-
sky 2004). The mass accretion rate along the shock cone is
more uncertain and difficult to estimate analytically. In or-
der to illustrate how the clouds change the structure of the
MNRAS 000, 1–9 (2015)
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Figure 1. Morphology of the rest mass density in logarithmic scale (top) and the magnitude of the velocity (bottom) around a
Schwarzschild BH at t = 1000M , for M∞ = 5 and Nb = 0 (left row), for M∞ = 5 and Nb = 5 (second row) for M∞ = 5 and Nb = 10 (third
row) and for M∞ = 4 and Nb = 10 (right row). The black point is the black hole and the blue points are the positions of the clumps. In
these plots, the axes are in units of ra . Clearly visible are the low-density regions behind the clouds and the formation of bow shocks.
In all cases, the Mach cone at the rear of the accretor is not as well defined as in the classical BHL flow. For M∞ = 5 and Nb = 10, the
structure of the gas is more complex.
accreting flow close to the BH, we have computed the radial
mass flux at the event horizon as a function of θ, with and
without clouds. Figure 3 shows the mass influx along four
different polar angles. The θ = 0 axis corresponds to the rear
axis of the accretor. It is remarkable that for the simulation
with Nb = 0, the accretion rate along the polar cap at the
rear of the BH (Region 1, as defined in the caption of Figure
3) is about 8 times larger than the accretion rate along the
polar cap at the front of the BH (Region 4). The reason is
that the mean density in Region 1 is about a factor ∼ 102
larger than in Region 4, whilst the radial inward velocity in
Region 1 is only ∼ 5 times smaller than in Region 4.
We see that for the simulation with Nb = 5, the accre-
tion of mass along region 3 (pi/2 ≤ θ ≤ 3pi/4) is 3.5 times
larger than it is when Nb = 0. On the other hand, in the
simulation with Nb = 0, the accretion rate along region 1
MNRAS 000, 1–9 (2015)
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Table 1. Summary of the mass accretion rates ÛM found in the simulations and accretion rates in the Eddington limit ÛMEdd, for different
values of M , ρ∞, cs,∞ and M∞. We give the quantities in both geometrized units in which c = 1, G = 1, M = 1 and in physical units,
when using M = 1.0 × 109M, 3.5 × 106M and 30M, respectively. In code units, we take ρ∞ = 10−10. To transform into physical units,
we rescale the gas density by a free factor k given in the second row.
Physical quantity Geometrized Physical Physical Physical
units units units units
M 1.0 1 × 109 M 3.5 × 106 M 30.0 M
k 1.0 10−6 10−9 10−14
ρ∞ 10−10 6.17 × 10−17 g/cm3 5.04 × 10−15 g/cm3 6.68 × 10−10 g/cm3
cs,∞ 0.1 3.0 × 107 m/s 3.0 × 107 m/s 3.0 × 107 m/s
ÛMM=4,Nb=0 1.6 × 10−7 1.02 M/yr 1.02 × 10−3 M/yr 1.02 × 10−8 M/yrÛMM=5,Nb=0 1.2 × 10−7 0.77 M/yr 7.68 × 10−4 M/yr 7.68 × 10−9 M/yrÛMM=4,Nb=10 2.5 × 10−7 1.60 M/yr 1.60 × 10−3 M/yr 1.60 × 10−8 M/yrÛMM=5,Nb=10 1.6 × 10−7 1.02 M/yr 1.02 × 10−3 M/yr 1.02 × 10−8 M/yrÛMEdd – 2.20 M/yr 7.71 × 10−3 M/yr 6.61 × 10−8 M/yr
(0 ≤ θ ≤ pi/4) is two times larger than it is when Nb = 5.
Therefore, the clumps inserted in our simulations do alter
the topology of the flow close to the BH.
Doubling the number of rigid bodies from Nb = 5 to 10
does not change the accretion rate significantly. One could
think that the reason is that the new added 5 rigid bodies are
located far enough from the accretor so that the flow close
to the accretor is essentially identical. We must say that this
is not the case; an enlargement of the central region in Fig-
ure 4 shows that the morphology and velocity field around
the BH when Nb = 10 is substantially different than they
are for Nb = 5. Let us consider the effect of increasing the
number of clouds. The interaction of the supersonic gas with
the static clouds produces shock waves. Larger is the num-
ber density of clouds, larger is the number of shock waves
present in the gas. The shocks slow down the flow and heat
the gas, increasing the sound speed of the gas in the post-
shock regions. As shown in Shapiro & Teukolsky (1983) for
spherical Bondi accretion and in Petrich et al. (1989) for a
moving BH, a higher sound speed reduces the accretion rate.
On the other hand, a slower gas velocity respect to the BH
promotes radial accretion. What is the dominant effect? For
adiabatic gas, our simulations indicate that when increasing
the number of clouds, these two effects have a compensating
influence on the accretion rate.
4 SUMMARY
The physics behind the gas accretion on to a BH is very rich
and complex because the gas may undergo various modes of
accretion. These modes depend on the (magneto-) thermo-
dynamical properties of the gas (such as the occurrence of
thermal or magneto-thermal instabilities) but the accretion
flow may also be affected by other energy injection sources,
such as stellar winds or jets blown by the AGN. In order
to isolate the different physical agents and to quantify their
role, it is common to make idealizations of the problem. Here
we have studied how BHL accretion is modified if the gas,
assumed to be adiabatic, is shocked to high temperatures
due to the collision with blunt rigid objects located in the
neighborhood of the accretor. These objects may represent
cold and dense molecular clouds, shells created by stellar
winds, passing stars, or any other agent that results in the
accreting flow becoming shocked. We find that the morphol-
ogy of the flow is sensitive to the filling factor of the clouds.
A few clouds are enough to produce a complex flow with
interacting shock fronts and swirling motions. Remarkably,
the classical Mach cone at the rear of the BH is almost erased
under the presence of clouds. This implies that the classical
picture that the accretion occurs through the θ = 0 axis is
not longer valid in this case because the clouds induce large
perturbations in the velocity of the flow and also in its tem-
perature. As a consequence, these perturbations modify the
accretion rate per angle solid in the surface of the BH.
More importantly, we find that the presence of clouds
increases the accretion rate on to the BH, even if the medium
is adiabatic. For simulations with 5 and 10 clouds and
Mach numbers between 4 and 5, the accretion rate is about
40%−50% larger than in cloudless simulations. We attribute
this enhancement in the accretion rate to the dragging of the
flow along those streamlines that collide with the clouds,
since they lose bulk kinetic energy and angular momentum
with respect to the BH and this facilitates its gravitational
capture because the velocity field of the flow becomes more
radial. This provides a new channel of accretion because in
the classical BHL scenario (in the lack of any cloud), cancel-
lation of angular momentum and the lost of kinetic energy
can only occur along the Mach cone (i.e. the accretion col-
umn). We note, however, that the adiabatic condition im-
plies that the sound speed of the gas increases considerably
in the post-shock regions and this effect hinders accretion
(e.g. ÛM ∝ c−3s,∞ in the classical Bondi accretion). The inclu-
sion of cooling will result in a significantly higher accretion
rate. The importance of cooling in the mass accretion rate in
quasi-spherical accretion was highlighted by Gaspari et al.
(2013), who find that the cooling enhances the accretion rate
by a factor of ∼ 200 as compared to the adiabatic cases. Our
simulations also show some variability in the density struc-
tures and in the velocity field of the flow. These fluctuations
produce some variability in the accretion rate, but this is
relatively small (∼ 15%).
As a cautionary note, we warn that the studies and con-
clusions regarding either the role of turbulent motions or gas
cooling in Bondi accretion, i.e. when the mean velocity of the
flow relative to the BH is null (e.g. Hobbs et al. 2011; Gas-
pari et al. 2013), cannot be generalized to the case of Bondi-
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Figure 2. Mass accretion rates vs time, for different values of
Nb and M∞. In the upper panel, we show the accretion rate for
Nb = 0 (solid line), Nb = 5 (dashed line) and Nb = 10 (dotted line)
and assuming M∞ = 5 in all cases. In the lower panel, we compare
the mass accretion rates for M∞ = 4 and M∞ = 5, with and
without clouds. The classical BHL accretion mass rates are pretty
well behaved, but when the bubbles are included the accretion
rate fluctuates around a higher value. It is worthwhile to note that
the Newtonian formula (1) predicts ÛM = 0.18 × 10−7 for M∞ = 4,
and ÛM = 0.1 × 10−7 for M∞ = 5.
Hoyle-Lyttleton accretion in a straightforward way. Never-
theless, despite the differences between accretion modes in
different simulations, the presence of turbulence, vorticity
and cooling can have a substantial impact on the BH accre-
tion rate.
In order to study how the mass accretion rate may
change in a case where the gas is shocked before accretion,
we have imposed axial symmetry, implying that the clouds
are torus in 3D space. To provide a more detailed analysis is
necessary to consider 3D simulations. In addition, we have
assumed as a first approximation, the clouds to be rigid and
static. If the obstacles represent dense clumps of gas, they
can suffer significant ablation by the ram pressure of the
wind. The timescale for ablation of clumps depend on the
size of the clumps, internal densities of both the wind and
the clumps, and the relative velocity. BH tidal forces may
Figure 3. Dependence of the mass accretion rate on the polar
angle for Nb = 0 (solid lines) and for Nb = 5 (dashed lines).
Starting from z -positive-axis, which corresponds to the rear side
of the accretor, we define four regions: the region 1 (R1) which
includes θ = [0, 14 ]pi, region 2 (R2) for θ = [ 14, 12 ]pi, region 3 (R3)
for θ = [ 12, 34 ]pi and region 4 (R4) for θ = [ 34, 1]pi. The accretion
along the front of the BH (that is, along regions R3 and R4) is
significantly larger for Nb = 5 than for Nb = 0.
also contribute to the disruption of the clouds. More real-
istic settings should include the formation, evolution and
destruction of clumps in a self-consistent way (e.g. Gaspari
et al. 2013; Bourne et al. 2014; Bourne & Power 2016). In
addition, in a realistic scenario, clumps should have some
nonzero velocity dispersion and, thus, the relative velocity
between a clump and the surrounding gas may be differ-
ent from clump to clump. What we have learned from our
simulations is that the presence of obstacles around a BH
moving at Mach numbers ∼ 4 produces significant changes
in the flow structure, so that the BHL picture of the “accre-
tion column” is no longer a good representation of the flow.
We find that the mass accretion rate on to the BH may vary
by about 40 − 50% between a quiescent regime (where there
is no clumps) and another regime where dense substructures
are present in the flow, even if the incoming gas is adiabatic
and the substructures have a small filling factor.
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Figure 4. Close up of Figure 1 showing the morphology of the
rest mass density in logarithmic scale near to the Schwarzschild
BH for Nb = 5 (left panel) and for Nb = 10 (right panel). In both
cases M∞ = 5.
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